Acoustic Output of Multi-Line Transmit Beamforming for Fast Cardiac Imaging: A Simulation Study by Viseu Dos Santos, Pedro et al.
IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. X, NO. X, XXX 2015 1
Acoustic Output of Multi-Line Transmit Beam
Forming for Fast Cardiac Imaging:
A Simulation Study
Pedro Santos, Student Member, IEEE, Ling Tong, Student Member, IEEE,
Alejandra Ortega, Student Member, IEEE, Lasse Løvstakken, Member, IEEE, Eigil Samset
and Jan D’hooge, Member, IEEE
Abstract—Achieving higher frame rates in cardiac ultrasound
could unveil short-lived myocardial events and lead to new
insights on cardiac function. Multi-Line Transmit (MLT) beam
forming (i.e. simultaneously transmitting multiple focused beams)
is a potential approach to achieve this. However, two challenges
come with it: firstly, it leads to cross-talk between the MLT
beams, appearing as imaging artifacts; and secondly, it presents
acoustic summation in the near field, where multiple MLT beams
overlap. Although several studies have focused on the former, no
studies have looked into the implications of the latter on acoustic
safety. In this paper, the acoustic field of 4-MLT was simulated
and compared with Single-Line Transmit (SLT). The findings
suggest that standard MLT does present potential concerns. Com-
pared to SLT, it shows a two-fold increase in Mechanical Index
(MI) (from 1.0 to 2.3), a six-fold increase in spatial-peak pulse-
average intensity (Isppa) (from 99 to 576 W·cm-2) and a twelve-
fold increase in spatial-peak temporal-average intensity (Ispta)
(from 119 to 1407 mW·cm-2). Subsequently, modifications of the
transmit pulse and delay line of MLT were studied. These modi-
fications allowed for a change in the spatio-temporal distribution
of the acoustic output, thereby significantly decreasing the safety
indices (MI = 1.2, Isppa = 92 W·cm-2 and Ispta = 366 mW·cm-2). Ac-
cordingly, they help mitigate the concerns around MLT, reducing
potential trade-offs between acoustic safety and image quality.
Index Terms—Multi-Line Transmit, beam forming, acoustic
safety, mechanical index, thermal index, acoustic intensity.
I. INTRODUCTION
ULTRASOUND imaging has become the preferred modal-ity to assess the anatomy and function of the human
heart in clinical practice. Nonetheless, commercially available
echocardiographic imaging systems operate on a basis of ca.
100 frames per second (FPS) for 2D imaging and considerably
less for 3D. This is insufficient to assess complex and short-
lived myocardial events [1] and a wide variety of cardiac
studies would benefit from improved temporal resolution [2],
[3], e.g. elasticity imaging [4], myocardial function estimation
[5], complex blood flow imaging [6] and mechanical activation
imaging [7]. Several fast acquisition techniques have thus been
proposed over the past three decades.
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Initially, multiple adjacent image lines were reconstructed
from each transmit beam – Multi-Line Acquisition (MLA) [8].
Moreover, narrow-sector imaging [9], sparse sector scanning
[1] and ECG-gating [10] have been proposed. MLA has also
been extended to large insonifications, i.e. plane waves [11] or
diverging waves [12], benefiting from coherent-compounding
[13], [14]. Yet another approach uses multiple focused beams
in the same transmit event – Multi-Line Transmit (MLT) [15].
An overview on the principles and applications of fast cardiac
imaging can be found in [2].
MLT beam forming reduces the number of transmit events
while preserving lateral resolution and the capability of per-
forming harmonic imaging [16], contrarily to broad transmit
beams. Each MLT beam can be transmitted from either
interleaved transducer elements [15] or semi-apertures [17]
or by linearly summing a plurality of delay lines [18]. Nev-
ertheless, parallel transmit inherently presents beam-to-beam
interference, seen in the image as cross-talk artifacts. This
was a reason for parallel receive beam forming to have been
preferred over MLT. However, it has recently been shown that
MLT can achieve image quality comparable to the one of
conventional Single-Line transmit (SLT) [19]–[22]. Nonethe-
less, few studies have looked into the other side of acoustic
interference, related to acoustic safety. As multiple beams
overlap in the near field, MLT leads to acoustic summation,
potentially exceeding the limits for its use in medical imaging.
According to the Output Display Standard, safety of medical
ultrasound imaging is indicated by the mechanical index (MI)
and the thermal index (TI) [23], which within recommended
limits prevent hazards such as cavitation or teratogenic effects
[24]. These are required to be computed and shown on
the system for every ultrasonic sequence [25]. Additionally,
the US Food and Drug Administration (FDA) requires the
calculation of the spatial-peak pulse-average intensity (Isppa)
and the spatial-peak temporal-average intensity (Ispta), related
to mechanical and thermal effects, respectively [26].
The primary aim of this study was therefore to quantify
the acoustic output of MLT beam forming according to the
parameters presented above. A clinical implementation of
ultrasound imaging must obey the safety standards, and thus
acoustic summation may require a reduction in transmit power,
ultimately meaning a decrease in signal-to-noise ratio (SNR).
Beam forming modifications have been proposed to address
different challenges, e.g. to suppress cross-talk artifacts [19],
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Fig. 1. Phased 4-MLT: a different phase is assigned to the pulse of each MLT
beam and each of these beams will cover a sub-sector of the imaging sector.
In the configuration shown, the phases used for each of the 4 MLT beams
were: pi
2
, pi, 0 and 3pi
2
.
[27]. Alike, we studied modifications of the standard MLT
beam forming approach that could mitigate these issues [28].
II. METHODS
In the present study conventional SLT, standard 4-MLT and
two modifications of 4-MLT beam forming were simulated.
Additionally, both modifications were combined to assess to
which extent they could further decrease acoustic output. The
modifications are described later in this section, as well as
the acoustic parameters used to evaluate the resulting acoustic
fields.
A. Simulation Setup
The 1-D cardiac phased array used is described in Table
I whereas the system settings are presented in Table II. In
order to study the influence of the scanning geometry on the
proposed modifications, two different angles between MLT
beams were implemented. Simulations were performed using
an in-house developed linear simulator based on the spatial
TABLE I
ULTRASONIC TRANSDUCER CONFIGURATION
Aperture size 18.56 mm
Number of crystals 64
Crystal height 13 mm
Pitch 290 µm
Kerf 0 mm
Tx pulse central frequency 2.5 MHz
Tx pulse bandwidth 63% (-6 dB)
Tx pulse length 2 µs
Tx = Transmit.
impulse response method – Simpulse – using a sampling rate
of 50 MHz and an anti-aliasing frequency for the excitation
pulse of 8.3 MHz [29]. Accuracy in the near field is of great
relevance for the present study, as MLT beams mostly overlap
close to the transducer. Such accuracy is assured even at low
sampling rates by the use of the analytically smoothed impulse
response.
To account for ultrasonic attenuation in the tissue, acous-
tic pressures were derated assuming an acoustic attenuation
coefficient of 0.3 dB cm-1 MHz-1, as used when measuring
acoustic output parameters [25]. The transmit voltage for SLT
simulations was defined as the one leading to an MI of 1.0.
This same transmit voltage was used for each of the multiple
pulses in MLT simulations.
To compare SLT and standard MLT beam forming, an
observation grid of ±35mm-azimuth by 100mm-depth was
used. However, as most of the MLT beam-to-beam interference
occurs in the near field, the study of the MLT modifications
was limited to a region of ±13mm-azimuth by 18mm-depth.
B. MLT Configurations
1) Standard MLT: 4-MLT was implemented by dividing
the imaging sector into four equally sized sub-sectors (Fig.
1). Four delay lines that would conventionally be used in
independent SLT transmit events were linearly summed to
create an MLT transmit event. The angle between MLT
beams was defined as the angle of the sub-sectors and each
MLT beam images one of the sub-sectors. Moreover, Tukey
(α = 0.5) apodization was used on transmit for all MLT
simulations. This has been shown to be required for cross-
talk suppression in MLT beam forming [30]. On the contrary,
rectangular apodization was used for SLT as no cross-talk is
present.
2) Phased MLT: In the standard implementation, the trans-
mit pulse waveform is the same for all MLT beams. Accord-
ingly, constructive interference can occur at positions where
the MLT beams overlap, thereby leading to a significant
increase in acoustic pressure. However, a modification where
a different pulse phase is given to each MLT beam, would
allow for an immediate change of the interference pattern.
This change could in theory decrease the acoustic pressure of
the combined ultrasonic beam.
TABLE II
SYSTEM CONFIGURATION
SLT 4-MLTwide 4-MLTnarrow
Angle between MLT beams (◦) – 22.73 15.19
Imaging sector (◦) 90.46 90.46 60.30
Number of Tx lines 96 96 64
Number of Tx events 96 24 16
Focal depth (cm) 6 6 6
Imaging depth (cm) 15 15 15
Frame rate (FPS) 53 214 321
SLT = Single-Line Transmit; MLT = Multi-Line Transmit.
Tx = Transmit; Rx = Receive.
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Fig. 2. 4-MLT delay lines: in the standard configuration (left), all lines
intersect at the centre of the array, whereas in the modified one (right), a small
delay may be added/subtracted to each delay line of a given transmit event.
Here, the outermost oriented delay line (continuous line) was kept constant,
while 2 MLT delay lines (dashed lines) were aligned at the end of the transmit
event and the remaining one (dotted line) was aligned at its beginning.
To study this modification, a Gaussian pulse was defined:
v(t) = ae−
(t−t0)2
2σ2 cos(2pif0t+ ϕ0) (1)
and the phase ϕ0 was defined as shown in Table III, with 11
configurations having a different phase for each MLT beam
and 3 having the same phase, as means of comparison. A
schematic representation is given in Fig. 1.
3) Delayed MLT: In standard MLT, all the delay lines of
a given transmit event have the same time delay value for
the central element of the transducer (Fig. 2 - left panel).
This holds true if the focal depth (i.e. the distance from the
centre of the transducer to the focal point) is kept constant
for all the MLT beams. Therefore, in standard MLT all the
simultaneously-transmitted beams overlap at the central ele-
ment, increasing the acoustic pressure in tissue in the vicinity
of that element.
As a second modification of MLT scanning, the delay lines
were reorganised within the transmit event. In practice, a small
time delay was added/subtracted to each delay line in order to
partially separate the MLT beams in time. The longest delay
line (i.e. the delay line of the outermost oriented beam) was
kept the same as in the standard MLT configuration, whereas
the remaining lines were moved within the limits of the former.
As the time interval that the transducer remains in transmit
mode (thus not able to receive the echoes reflected from the
TABLE III
PULSE PHASE CONFIGURATIONS
Config.
Phase per MLT beam
Config.
Phase per MLT beam
ϕ1 ϕ2 ϕ3 ϕ4 ϕ1 ϕ2 ϕ3 ϕ4
4MLT 0 0 0 0 P7 0 pi
4
pi
2
3pi
4
P1 0 pi
2
pi 3pi
2
P8 0 2pi
3
4pi
3
0
P2 3pi
2
pi pi
2
0 P9 pi
2
pi 0 pi
2
P3 0 pi 0 pi P10 pi
2
pi 0 3pi
2
P4 pi
2
3pi
2
pi
2
3pi
2
P11 pi 0 0 pi
P5 0 pi pi
2
3pi
2
P12 pi pi pi pi
P6 0 pi pi 0 P13 pi
2
pi
2
pi
2
pi
2
Pi = pulse phase configuration i
ϕi = Pulse phase of MLT beam i
closest scatterers) is defined by the longest delay line, this will
not be affected by this modification.
The 13 configurations tested are described in Table IV and
an example is schematised in Fig. 2 - right panel.
C. Acoustic Output Parameters
The following parameters were used to evaluate the acous-
tic fields of the tested beam forming methodologies. They
were computed from the local instantaneous acoustic pressure
p(r, t) as follows:
1) Mechanical Index: The MI is computed from the atten-
uated peak-rarefactional acoustic pressure (pr) at the position
(zMI ) of the maximum attenuated pulse-pressure-squared in-
tegral (ppsi), according to:
MI =
pr(zMI) · fawf−1/2
CMI
(2)
where fawf is the acoustic-working frequency (measured at
the position of the spatial-peak temporal-peak acoustic pres-
sure) and CMI is a normalizing coefficient of 1 MPa·MHz-1/2.
As pr occurs very close to the transducer surface for MLT, an
fawf of 2.5 MHz was used for all cases.
2) Thermal Index: As the current study targets cardiac
applications, the soft tissue TI (TIS) was used. For this model,
the power parameter used is the bounded-square output power
(P1×1). This is the maximum value of the time average
acoustic output power emitted from any one-centimetre square
active area. Limitation of the active area was accomplished
by reducing the number of active elements to the central
1cm-region of the transducer and by resizing the height of
the crystals [31]. P1×1 was then computed by evaluating the
surface integral of the temporal averaged derived instantaneous
intensity [32] over an hemisphere of 50mm radius located in
front of the acoustic transducer:
TABLE IV
DELAY LINE CONFIGURATIONS
Config. Delay line alignment per MLT beam
D1 all beams aligned at the end of Tx
D2 all beams aligned at the beginning of Tx
D3 b2 at the end of Tx and b3 at the beginning of Tx
D4 b2 aligned at the end of b4, b3 aligned at the end of b1
D5 b1 and b4 at the end of Tx, b2 aligned at the beginning of b4,
b3 aligned at the beginning of b1
D6 b1 and b4 at the beginning of Tx, b2 at the end of b4, b3 at
the end of b1
D7 b1, b3 and b4 at the beginning of Tx
D8 b1 and b4 at the beginning of Tx, b2 and b3 at the end of Tx
D9 b1, b3 and b4 at the beginning of Tx, b2 at the end of Tx
D10 b1 and b4 at the end of Tx, b2 and b3 at the beginning of Tx
D11 b1, b2 and b4 at the end of Tx, b3 at the beginning of Tx
D12 b1 and b4 at end of Tx, b2 at the beginning of Tx, b3 after b2
D13 b1, b3 and b4 at the end of Tx, b2 just before b3
Di = delay configuration i, Tx = transmit event, bn = MLT beam n
Beams not listed follow standard MLT alignment (i.e. central element)
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P1×1 =
∫
S
1
srp
∫ srp
0
p2(r, t)
ρc
dt dS (3)
where srp is the scan repetition period, ρ is the tissue density
(ρ = 1.0 kg · m−3) and c is the speed of sound (c = 1540m ·
s−1).
For scanned modes, both at surface and below surface TI
values are computed using the same formula:
TIas,sc = TIbs,sc =
P1×1 · fawf
CTIS,1
(4)
where CTIS,1 is a normalizing coefficient of 210 mW·MHz.
3) Spatial-Peak Pulse-Average Intensity: The Isppa is the
maximum value of the pulse-average intensity (Ipa) in an
acoustic field:
Isppa = maxr
{
1
td
∫ td
0
p2(r, t)
ρc
dt
}
(5)
where Ipa is the ratio of the pulse intensity integral to the pulse
duration (td) at a particular point in the acoustic field. In the
present study, the pulse intensity integral was approximated
as the pulse-pressure-squared integral (ppsi). Moreover, td is
defined as 1.25 times the interval when the ppsi reaches 10%
and 90% of its final value.
4) Spatial-Peak Temporal-Average Intensity: The Ispta is the
maximum value of the temporal-average intensity (Ita) in an
acoustic field:
Ispta = maxr
{
1
srp
∫ srp
0
p2(r, t)
ρc
dt
}
(6)
where Ita is the time average of the instantaneous intensity at
a particular point in the acoustic field. Again, instantaneous
intensity was approximated by the derived instantaneous in-
tensity (i.e. pulse-pressure-squared).
5) Peak-Compressional Acoustic Pressure: The pc is the
maximum positive instantaneous acoustic pressure during an
acoustic repetition period:
pc = maxr,t
{p(r, t)} (7)
TABLE V
COMBINED CONFIGURATIONS
Config. Pulse phase Delay Config. Pulse phase Delay
C1 P1 D11 C8 P8 D11
C2 P2 D11 C9 P9 D11
C3 P3 D11 C10 P10 D11
C4 P4 D11 C11 P11 D11
C5 P5 D11 C12 P12 D11
C6 P6 D11 C13 P13 D11
C7 P7 D11
Ci = combined configuration i
Pi = pulse phase configuration i (described in Table III)
D11 = delay configuration 11 (described in Table IV)
III. RESULTS
A comparison between the acoustic pressure fields of SLT
and standard 4-MLT is given in Fig. 3. Beam-to-beam inter-
ference is clearly seen in the region where the MLT beams
overlap. Therefore, a significant increase in acoustic pressure
was found immediately in front of the ultrasound transducer.
Consequently, for MLT beam forming, this becomes the re-
gion where either peak-compressional and peak-rarefactional
acoustic pressure occur, whereas in SLT they are found around
the focal zone. In fact, acoustic pressure more than doubled
in the near field and Isppa suffered a six-fold increase, whereas
Ispta increased by more than one order of magnitude. On the
contrary, due to apodization MLT beam forming resulted in a
decrease of ca. 20% in the pressure around the focal region:
from 1.84 MPa in the case of SLT to 1.43 MPa in standard 4-
MLT. Moreover, both TI and peak-to-peak drive voltage (Vpp)
were quadrupled. Results are presented in Fig. 4.
Fig. 5 shows the sound field of a given transmit event for
all the different pulse phase configurations for the 90◦-sector
scan. An animated sequence of the complete sector scan can
be found here Media-Movie 1. Please note that only the near
field is shown (± 13mm in azimuth and 18mm in depth).
Therefore, the brightest lines are not the actual MLT beams,
but the strong acoustic interference between them. As for the
acoustic parameters, TI remained fairly the same as in standard
4-MLT with either sector geometry. Conversely, a significant
decrease was found for the remaining acoustic parameters.
Results are presented in Fig. 4. As expected, the decrease
was dependent on the given configuration. The one with the
most substantial global decrease (both acoustic pressure and
intensity) was the one with pulse phases of
[
pi
2 − pi − 0− 3pi2
]
(configuration P10). This was true for both sector opening
angles.
Fig. 6 depicts the acoustic pressure field of a transmit event
with different delay line configurations. The complete sector
scan sequence can be found here Media-Movie 2. Again, note
that only the near field is plotted (± 13mm-azimuth × 18mm-
depth region) and thus the brightest lines are the interference
between the MLT beams. Quantitatively, delayed-MLT showed
a more substantial decrease in the acoustic output parameters
than phased MLT. Again, results showed some dependence
on the exact delay configuration, whereas the sector geometry
had only a small influence (Fig. 4). Nonetheless, no specific
configuration was found to lead to the highest decrease in
all parameters. As in the previous modification, no significant
decrease was found for the TI.
Finally, both modifications were combined. From the previ-
ous results, it was clear that shifting the delays influenced
the acoustic output in greater extent. As such, one of the
best configurations of the delay modification (namely, D11)
was combined with all the 13 configurations of phased MLT.
Combined configurations are described in Table V. Results are
presented in Fig. 4 and showed similar output for all tested
configurations, especially in terms of Ispta. Overall, the original
D11 was the configuration with lowest MI, while Isppa and Ispta
were slightly reduced in configuration C10. C13 required the
lowest Vpp.
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Fig. 3. Comparison of the acoustic pressure fields of SLT and 4-MLT. Strong
interference between the multiple beams is found in 4-MLT and the peak
acoustic pressure occurs close to the transducer, contrarily to SLT where it
occurs around the focal point. Note the difference in acoustic pressure around
the focal point, as a consequence of transmit apodization on MLT.
As a comparison, Fig. 7 shows the near field of the acoustic
pressure field for a given transmit event and the time averaged
intensity for the 90◦-sector scan. Four different configurations
are depicted: standard 4-MLT, the best phased 4-MLT, the
best delayed 4-MLT and the best combined modification. The
complete scan sequence can be found here Media-Movie 3.
IV. DISCUSSION
A. Simulation methods
In the present study, a linear simulator – Simpulse – was
used, thereby intrinsically neglecting non-linear effects (i.e.
higher harmonics). Due to the increased attenuation of higher
frequencies, such harmonics would lead to an increased loss
of energy and thus exacerbate tissue heating. However, non-
linear effects are building up with increasing depth and will
thus mainly show further away from the transducer. In this
region, MLT and SLT have similar acoustic fields (Fig. 3).
As such, the non-linear distortions are likely similar for both
modalities, although higher pressures in the near field due to
MLT beam overlap could have a small effect.
Another remark is related to the measurement of the acous-
tic parameters in itself. Traditionally, these are done in the
far field, only. In fact, [25] and [26] define a break-point
depth of 1.5 times the equivalent transducer diameter and
no measurements are done closer than that point. For the
transducer simulated, it would be 26mm, meaning that the
potentially hazardous acoustic pressures and intensities that
occur in the near field of MLT would be disregarded. However,
the results of this study suggest that some care should be
taken in the near field when it comes to new beam forming
methodologies, as MLT beam forming.
Moreover, it should be noted that intensity computations
were done assuming the ultrasonic beams as (locally) plane
waves. This is the assumption made for the calculation of the
derived instantaneous intensity [32] from either the particle
velocity or acoustic pressure, eliminating the requirement of
measuring both simultaneously. However, it is valid in the
far field only, where pressure and particle velocity are in
phase. Close to the transducer, where the MLT acoustic fields
are actually more intense, the approximation does not hold
and the estimated acoustic intensities are no longer totally
accurate. A complementary study on the computation of exact
acoustic intensities in the near field of MLT should therefore
be conducted. Although it has been reported that the plane-
wave approximation overestimates intensities [33], the extent
of this approximation on MLT beam forming is not known.
B. Acoustic output of standard MLT
Acoustic fields of 4-MLT (Fig. 3) clearly show a strong
beam-to-beam interference at the positions where the MLT
beams sum coherently. This may be a major concern per se,
leading to increased acoustic pressure and intensity. Notwith-
standing, the shifting of the peak-compressional acoustic pres-
sure from the focal region to the centre of the transducer
brings additional concern when going from SLT to MLT beam
forming. In the former, the peak pressure occurs around the
focal region, i.e. in the far field. Therefore, it is shifted during
the scan sequence, spatially smoothing the temporal-average
intensity (Ita). However, in the latter it occurs in front of
the ultrasonic transducer for every transmission, regardless of
the steering angle. Hence, averaged intensity is substantially
increased in this beam forming technique.
As expected, the TI was 4 times higher in 4-MLT than
in conventional SLT. As four beams are emitted per transmit
event in 4-MLT, the total acoustic output power was expected
to be four-folded and so would the TI. Please note that only the
central 1x1 cm2 is used for the computation of TI, following
the current standards [31]. There, all the elements have unitary
apodization, both for SLT and MLT. Moreover, the decrease in
acoustic pressure found around the focal region of MLT is in
good agreement with the transmit apodization used. In fact, the
Tukey (α=0.5) window used in this study had a relative power
of 0.74, whereas the acoustic pressure in the focal region of
4-MLT was 0.77 of the one obtained with SLT beam forming.
In order to assure the safety of the ultrasonic sequences,
the MI of an ultrasonic sequence should not exceed the value
1.9, while TI should remain below 6.0 [23]. However, the
British Medical Ultrasound Society has published additional
guidelines for the TI based on the exposure time [34]. For
instance, for cardiac applications, the TI should be below 2.0
if exposure time is 20 minutes, whereas for exposures of less
than 1 minute a TI of 4.0 can be reached. As for the Isppa, it
should be lower than 190 W·cm-2 and Ispta should be no higher
than 720 mW·cm-2 [26].1
As a consequence of the specificities stated before, the
acoustic field of standard 4-MLT exceeds the current limits for
the safe use of ultrasound in cardiac applications (MI = 2.26,
Isppa = 576 W·cm-2 and Ispta = 1407 mW·cm-2), whereas a TI
of 3.0 is considered safe for scanning times up to 4 minutes.
Nonetheless, any ultrasonic sequence has to comply with the
safety standards in order to be implemented clinically. There-
fore, the increase in acoustic output of MLT beam forming
1In fact, for FDA approval, either MI or Isppa parameters may exceed the
regulatory limit.
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Fig. 4. Comparison of the safety parameters for phased 4-MLT (left column), delayed 4-MLT (middle column) and their combination (right column). MI,
TI, Isppa, Ispta, pc and Vpp are shown and their safety limit is shown by the dashed horizontal lines.
means that compromises have to be done on the transmit side:
e.g. decrease transmit voltage, shorten the transmit pulses or
lower the pulse repetition frequency (PRF). These concessions
will assure an acoustic output below the safe levels at the
expense of SNR and/or frame rate.
An additional concern in medical ultrasound is surface
heating. An extensive study [35] has been presented on soft
tissue temperature rise during focused scan modes (e.g. B-
mode) and reported that the maximum temperature occurred
at the skin surface for nearly all setups tested. These findings
formed the basis of the definition of TIS [36]. Accordingly,
the increase in TI shown for MLT beam forming anticipates
an increase in tissue temperature at the surface. Nevertheless,
TI values were compliant with regulatory levels.
Transducer surface heating depends on a vast number
of pulse parameters (e.g. drive voltage, centre frequency,
waveform) and scan sequence layout, as well as transducer
construction details. Therefore, its prediction is very complex
and strongly relies on experimental data [37]. As such, it was
not considered in the present study and may be a topic for
future work. Nonetheless, MLT is expected to result in higher
surface temperature due to the transmission of multiple pulses
in the same transmit event, although the exact temperature
elevation is unknown at the moment. However, in case a
practical implementation would exceed the regulatory levels,
surface temperature could be decreased at the expense of SNR,
by decreasing the Vpp.
All these particularities could limit the applicability of the
technique. Hence, it is important to design the MLT sequence
in a way that acoustic output is decreased without compro-
mising (significantly) image quality. The modifications studied
here might present a solution to mitigate these concerns.
C. Phased MLT
Pulse phase modifications led to changes in the interference
pattern. Namely, beam interference could be changed in a
way such that constructive interference for a given pair of
beams was overlapping with destructive interference of an-
other pair of beams in several configurations. Accordingly the
configuration with the best results was the one with pulse
phases of
[
pi
2 − pi − 0− 3pi2
]
. For this configuration, the two
central beams are in opposite phase, and so are the outer
two. Therefore, the interference that would in standard 4-MLT
occur along the medial direction was cancelled for each pair
of beams. Moreover, adjacent beams are transmitted with a pi2
phase shift, thereby further reducing acoustic interference.
Additionally, some of the configurations resulted in a slight
shift of the peak pressure either to deeper or to more lateral
positions (e.g. modification P3 and P4, where it was moved
to around 5mm deeper). As a result, the peak pressure moved
along an arc during the scanning, as shown by the complete
sequence (Media-Movie 1). This led to a slight spatial smooth-
ing of intensity over the sector scan, thereby decreasing Ispta.
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Fig. 5. Acoustic pressure for the pulse phase configurations described in Table III. Note that only the near field is plotted. Media-Movie 1
Indeed, P3 was next in terms of reduced acoustic parame-
ters, with output values very close to P10. Interestingly, this
configuration also has the two central beams with symmetric
pulse phase. Moreover, as Fig. 4 shows, the best configurations
tend to be the same for either sector angle.
All configurations showed reduced acoustic pressure, as
well as acoustic intensity, in the region of beam overlap.
For the best configuration, pc decreased by 33% while MI
was reduced by 21%, when compared to the standard im-
plementation of 4-MLT. Although this modification does not
change the pulse duration, the decrease in acoustic pressure
was reflected in a decrease of Isppa by a factor of 2.3. Moreover,
Ispta decreased by a factor of 2.6.
Several modifications resulted in an increased MI. This is
not surprising, considering that the standard configuration (i.e.
with all pulses with phase ϕ0 = 0) has the highest positive
amplitude, but not the highest negative one (Fig. 1). Hence, the
highest MI occurred for the configuration P12, i.e. the one with
all the multiple pulses having phases of ϕ0 = pi. As mentioned
in Section II-B3, the delays of the central element are the same
for every MLT beam. Therefore, the global acoustic beam of
P12 consists of multiple beams perfectly summing in front of
the central element, each one of them emitted with the highest
negative peak amplitude.
On the contrary, the TI remained the same as the one of
standard 4-MLT. This was expected given that the pulse phase
modification does not introduce major changes in the pulse
shape nor magnitude. Therefore, the physical quantity behind
TI – the total output power – remains fairly constant. Major
changes in TI would only be expected with, e.g. decrease in
PRF or transmit voltage.
Vpp was decreased for all modifications, with the lowest
value achieved for P6, being 2.47 higher than the one of
SLT beam forming. Finally, phased MLT changes the effective
pulse waveform (e.g. Vpp and pulse duration), thus possibly
influencing transducer surface heating.
Although the safety parameters of 4-MLT were reduced by
this modification, only configuration P10 reached values of
acoustic safety.
D. Delayed MLT
Reorganising the delay lines resulted in a considerable
change in the global beam profile of 4-MLT. Namely, the
overlap between certain pairs of beams was avoided in several
configurations. Moreover, a pronounced shift of the lines of
interference between multiple MLT beams was observed, as
seen in Fig. 6. The shift of the interference axis during the
sector scan (c.f. Media-Movie 2) results in a spatial smoothing
of the average intensity. Additionally, the intersection of all
delay lines in the central element was avoided, occurring now
pairwise in more than one element, thereby spreading the
acoustic output once more.
Delayed MLT showed a decrease of the acoustic output
parameters considerably greater than the one achieved with
the phased MLT. This result was expected, given that shifting
the delay lines of the transmit event means a temporal – and
consequently spatial – separation of the multiple transmitted
beams. In fact, all the tested configurations were found to be
safe (Fig. 4). Although configurations D12 and D13 did exceed
the safety limit for Isppa, they did comply with the limit for MI.
Altogether, the changes in the global acoustic field resulted
in a reduction of the acoustic pressure parameters (MI and
pc) by at least 25% and intensity parameters (Isppa and Ispta)
by more than 60% (with the exception of D12). Decrease in
Isppa was also accomplished by the increase in pulse duration
due to delaying some of the beams, according to (5). Alike
the previous modification, no substantial decrease of TI was
observed due to its dependence on the total acoustic output
power and the tested configurations showed similar behaviour
for both scan geometries.
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Fig. 6. Acoustic pressure for the pulse delay line configurations described in Table IV. Note that only the near field is plotted. Media-Movie 2
Additional decrease of the acoustic interference could be
achieved by further separating the multiple beams at the
expense of near field loss. In the limit, a configuration with
all beams fully separated would require the last beam to be
transmitted up to 17 µs after the beginning of the transmit
event. This would imply a loss in near field of up to 2.6 cm.
As delayed-MLT introduces considerable changes in the
transmit pulse (e.g. fully separating pulses in some elements),
probe heating signature may be modified.
Another interesting advantage of this is related to hardware
restrictions and beam distortions. All systems have a limit on
the maximum voltage that can be applied to each element of
the transducer. Therefore, there is a compromise between the
transmit voltage for elements where pulse summation occurs
and for elements where it does not. With the standard 4-MLT
beam forming approach used in this study, Vpp at the central
element is four times higher than the one on the remaining
elements (Fig 2 - left panel). Hence, an excitation with the
maximum voltage applied to this element implies a reduction
on voltage of the other elements to 1/4, thereby leading to
a decrease in the transmitted energy and consequently in the
SNR. Alternatively, an excitation with the full voltage on the
remaining elements would imply clipping the voltage transmit-
ted to the central pulse, thus resulting in possible distortions of
the transmitted beam profile. Both approaches assume that a
multi-level pulser is present on the echocardiographic system.
When such pulser is not present (as typically happens in
current clinical systems) all elements must be excited with
the same Vpp, again leading to beam distortions. With the
proposed modification, Vpp was significantly reduced (Fig. 4),
thus meaning an immediate improvement on the limitations
described. Quantitatively, the configuration D3 was the one
with the lowest Vpp required – two times higher than SLT
beam forming and one half of the one of standard 4-MLT.
E. Combination of Both Modifications
Results showed similar acoustic output values for all the
pulse phases tested with the delayed configuration D11 (Fig.
4). This was especially evident for Ispta, for which the variation
across the 14 configurations was only 3%. The reason for
much smaller variations is that the beams were already par-
tially separated in space. Therefore, local beam phase changes
have a much smaller influence.
Indeed, due to the fact that delay lines reorganisation also
disrupts the spatial symmetry between beams, the change in
the acoustic output parameters did not follow the same pattern
as previously for pulse phase changes with no delays between
MLT beams (c.f. Fig. 4 - first and last columns). As such,
the configurations that led to a perfect destructive interference
in the original modification, do not perform with the same
outcome after applying delays to some of the beams.
Hence, practical implementation of these modifications may
be done in a way that either (or both) the pulse phase per beam
and the delay between MLT beams are allowed to adapt for
each transmit event during the scan sequence. Optimization
may be used to define the delay line alignment that results in
less overlap between MLT beams, as well as the set of pulse
phases that provides an efficient destructive interference, even
when the beams are slightly delayed with respect to each other.
F. Additional Remarks
No configuration minimized all acoustic output parameters.
Therefore, the choice of the specific configuration will depend
on the desired acquisition scheme and imaging mode. In
fact, different imaging modes might have different acoustic
limitations. For instance, pulsed wave (PW) Doppler is more
demanding in terms of Ispta (due to the acquisition of a
single direction) than B-mode imaging. Moreover, some safety
parameters are measured differently for non-scanning modes
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Fig. 7. Acoustic pressure of a given transmit event (top) and time averaged intensity for a sector scan (bottom) for four 4-MLT configurations. From left to
right: standard 4-MLT, best phased configuration (P10), best delayed configuration (D11) and best combination of both modifications (C10). Note that only
the near field is plotted. Media-Movie 3
(e.g. TI [25] and Ispta [26]). The values presented in this study
were computed for scanning modes (e.g. B-mode) and results
show that MLT beam forming could potentially enable the
temporal resolution required for many different cardiac studies
– e.g. motion, deformation and elasticity imaging, mechanical
activation imaging and contrast imaging [2], [3] – without
significantly sacrificing SNR.
The reduction of the acoustic output in the near field
of MLT beam forming is not limited to the modifications
proposed. One alternative strategy could be the use of different
frequencies for each pulse, as this would avoid perfect acoustic
summation of all MLT beams. This idea has already been
proposed with the aim of improving image quality by reducing
the cross-talk artifacts [38]. Nonetheless, frequencies of the
MLT beams should preferably be kept relatively similar,
in order to avoid different frequency-dependent attenuation.
Moreover, different focal depths could be given to each MLT
beam. This would allow for a change in the curvature of the
individual delay lines, thus changing the interference pattern.
Again, for the sake of image quality, focal depths should be
fairly similar, as this influences spatial resolution. Obviously,
TI and Ispta could alternatively be reduced by decreasing the
PRF. This would however decrease the effective frame rate.
Finally, this study was focused exclusively on the acoustic
parameters computed from the transmit beam profile. Further
studies should be conducted on the two-way beam profile,
namely to assess whether these modifications lead to any
significant decrease in imaging quality. A final solution would
most probably be a compromise between frame rate, imaging
quality and acoustic safety, being the last one absolutely
imperative.
V. CONCLUSION
4-MLT beam forming was found to substantially elevate
the acoustic output when compared to SLT. Accordingly, it
exceeds the current safety thresholds if implemented in the
standard way (i.e. linearly summing 4 SLT transmit events).
Therefore, compromises would have to be made on the trans-
mit sequence (e.g. lower the transmit voltage) in order for it to
comply with safety standards and be implemented clinically.
However, such concessions might reduce significantly the SNR
and tissue penetration, thereby limiting its applicability. This
is of greater concern for Doppler modes, which typically have
higher TI and Ispta than B-mode. Hence, two modifications of
the standard 4-MLT were implemented: i) generating out of
phase pulses for each MLT beam and ii) reorganizing the delay
lines of the transmit event. These modifications resulted in a
more uniform distributing of the acoustic energy, thus allowing
for a decrease of the safety parameters related to spatial peaks
to levels in the order of those of SLT beam forming. Drive
voltage amplitude required was also considerably reduced.
On the contrary, no major changes were achieved for TI,
although its values were compliant with the safety guidelines
for short scanning times. Therefore, this work helps mitigating
the concerns of MLT beam forming, significantly reducing the
potential trade-offs required for it to be safely used in clinical
imaging.
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